Since its introduction by Kauffmann in the 1940s (12, 13) , serotyping has been the most widely used method of identifying strains of Escherichia coli for epidemiological and other purposes. The potential of serological techniques for strain discrimination is considerable. Some 170 0 (lipopolysaccharide), 71 K (capsular), and 56 H (flagellar) antigens have been distinguished, and several thousand combinations of these antigens have been identified among isolates of E. coli from natural sources (26, 29, 30) . Three epidemiologically important observations have been made concerning this extensive antigenic diversity. First, the relative frequencies of many of the antigens vary with the source of the isolates; for example, some 0 and K antigens are more common among strains associated with extraintestinal infections than among those recovered from the normal intestinal flora (19, 31) . Second, the 0, K, and H antigens are nonrandomly associated with one another, and specific O:K:H serotypes are, in turn, nonrandomly associated with certain other phenotypic traits, such as fermentation markers and virulence determinants (28) . Third, some multipleantigen serotypes associated with pathogenicity are worldwide in distribution and temporally stable (27, 28) . Together, these observations were the basis for formulation of the "clone concept," a hypothesis postulating that the genetic structure of natural populations of E. coli is that of an array of stable cell lineages (clones), among which there is very little recombination of chromosomal genes (27) .
Recently, electrophoretic analyses of outer-membrane proteins (1, 16) and water-soluble enzymes (8, 9, 21-23, 33, 35, 36) have been used to study genetic diversity and structure in natural populations of E. coli. Although several of these investigations (1, 22) have provided strong support for the clone hypothesis, they have also demonstrated that serotypes often do not mark genetically homogeneous or even similar groups of isolates. Hence, the effectiveness of conventional serological methods in the identification of clones has been questioned.
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To further examine the nature and extent of chromosomalgene diversity within serotypes of E. coli, we analyzed electrophoretically demonstrable variations in enzymes among isolates recovered from humans and typed for 0, K, and H antigens. Our results indicate that there is, in general, a considerable degree of similarity, if not identity, in electrophoretic type (ET) among isolates of the same O:K:H serotype, although genetically very different isolates may in some cases share the same three-antigen serotype. In contrast, isolates with the same one-or two-antigen determinants are generally quite diverse in chromosomal genotype. We also found evidence of antigenic diversity among isolates of the same multilocus enzyme ET.
MATERIALS AND METHODS
Bacterial isolates. A total of 261 isolates ofE. coli recovered between 1970 and 1974 from fecal or urine samples from girls in Goteborg, Sweden, were analyzed. The collection included 93 isolates from the normal fecal flora and 168 isolates from urine. Among the latter, 47 isolates were from schoolgirls with asymptomatic bacteriuria, 70 isolates were from patients with acute cystitis, and 51 isolates were from patients with acute pyelonephritis. Each individual contributed only one isolate. A detailed analysis of genetic diversity in this collection of isolates has been reported elsewhere (7) .
Enzyme electrophoresis. Each isolate was grown overnight in 100 ml of nutrient broth (Difco Laboratories) supplemented with 0.24 g of isopropyl-,-D-thiogalactopyranoside per liter to induce synthesis of P-galactosidase. After centrifugation, the bacterial pellet was suspended in 2 ml of 0.01 M Tris-0.001 M EDTA buffer (pH 6.8) and sonicated for 1 min with ice cooling. This suspension was centrifuged at 37,000 x g for 30 min, and the supernatant was stored at -70°C until used for electrophoresis.
Procedures employed for starch-gel electrophoresis and the demonstration of activity of specific enzymes were generally similar to those described by Selander et al. (34) . The following 13 enzymes were assayed: malate dehydroge nase, 6-phosphogluconate dehydrogenase, ,-galactosidase, The electrophoretic mobilities of the electromorphs (allozymes) were recorded, and electromorphs of an enzyme were equated with alleles at the corresponding structural gene locus. The ET of an isolate was defined by the combination of alleles at the 13 loci. Two lines of evidence suggest that the enzymes assayed are encoded by chromosomal rather than plasmid-borne genes. All 13 enzymes showed activity in several isolates in which plasmid could not be detected (8) , and the genes for 11 of the enzymes have been mapped on the chromosome of E. coli K-12 (3).
Serotyping. The 0, K, and H antigens of the isolates were determined by standard serological methods, as described by 0rskov and 0rskov (26) . Briefly, 0 antigens were identified by agglutination in 164 standard 0 antisera of broth cultures boiled overnight. The presence of polysaccharide capsular K antigen was determined by the Cetavlon method (25) Among the 116 ETs, 17 differed from one another by having a "null" phenotype (no enzyme activity) for one or two enzymes. Most of these nulls involved alcohol dehydrogenase, but null phenotypes were also recorded for Igalactosidase, 6-phosphogluconate dehydrogenase, phenylalanyl-leucine peptidase, isocitrate dehydrogenase, and mannose-6-phosphate isomerase. Many of the nulls may represent mutations selected for during the 8 or so years that the isolates were stored in culture in the laboratory (7) . ETs that differed by single null alleles were grouped in the same ET class. There were 99 such ET classes among the 116 ETs. In estimating D, null alleles were included, but in Tables 2,  3 , and 4, cases in which ETs differed solely in the occurrence of nulls are noted.
Electromorph variation within serotypes. ET variation was analyzed within each single-antigen serotype represented by five or more isolates ( In general, the amount of genetic variation among isolates typed for multiple antigenic determinants was less than the variation for those classified by single antigens (Tables 3 and  4 a D is the average number of electromorph differences between all pairs of strains within a serotype class, and V is the variance. Dma, is the largest number of electromorph differences observed between pairs of isolates. b The random probability of a D value as low as or lower than that observed is less than 5%.
cThe random probability of a D value as low as or lower than that observed is less than 1%.
d The only electrophoretic difference involved "null" alleles. Hi   2  3  5  7  6  3  2  6  3   H1, HN   2  3  5  7  6  3  2  0  3  HN  5  3  5  7  7  7  2  6  3  H-5  3  5  7  7  7  2  0  3  H-5  3  5  7  7  0  2  6  3  H-4   3  5  7  6  3  3  6  3  H-,H6,H-4  3  5  7  6  3  2  0  3  H7  4  3  5  7  6  3  2  6  3  H7  4  3  5  7  6   3   2  0  3  HN   4  3  5  7  6  7  2  0  3  H-4  3  5  7  5  7  2  6  3  H-4  3  5  7  6  3  2  0  3  H-2  3  6  7  5  7  2  0  3  H-2  3  5  7  6  3  2  6  3 H1, H- Despite the relatively modest number of isolates of each serotype examined and the geographically limited source of the collection analyzed, the results of our investigation are fully consistent with the major findings of Ochman and Selander (22) , who examined only four serotypes (01:K1, 07:K1, 016:K1, and 018:K1), but a larger number of isolates from more diverse sources. In accordance with their results, the O1:K1 isolates analyzed here represented two major ET classes that were genetically very distinct (differing in alleles at 6 of the 13 enzyme loci); there was virtually no enzyme variation within the 07:K1, 016:K1 and 018:K1 isolates; and the 018:K1 isolates were closely related to one of the ET classes identified among the O1:K1 isolates (differing by only one or two electromorphs). However, the present study suggested that the two genetically distinct groups of 01:K1 isolates may be partially distinguished by the flagellar serotype. All nine isolates belonging to one of the O1:K1 genetic groups were nonflagellated (H-), whereas four of the six isolates belonging to the other group were H7, the two remaining isolates being H-( Table   5 ). The 018:K1 isolates were related to the O1:K1:H7 isolates, and they also were characterized by the H7 antigen. The present analysis also identified a number of additional cases in which isolates of the same two-antigen serotype (02:K1, 02:H4, 018:K5, and K1:H7) differed by three or more electromorphs.
In interpreting the results of our study and evaluating their implications, the character of the collection of isolates examined should be considered. The 261 isolates were chosen for study because they had been extensively analyzed both for enzyme variation and for serotype. They were neither a random sample of E. coli nor a collection of specific serotypes, such as those studied by Achtman et al. (1) and Ochman and Selander (22) . The restricted nature of the collection may limit the quantitative conclusions drawn from our analysis, but probably not the qualitative ones. We suspect that the magnitude of the ET variation within a serotype is even greater than that demonstrated here.
From both epidemiological and evolutionary perspectives, it is important to understand the mechanisms responsible for antigenic diversity among isolates of the same ET class (antigenic divergence) and enzyme diversity among isolates sharing the same multiple antigenic determinants (antigenic convergence). The intensity of natural selection for cell surface antigens must surely be substantially greater than that for the electromorph variants of enzymes, the majority of which probably are physiologically equivalent or nearly so. The surface antigens of E. coli are unlikely to be cryptic to mammalian hosts; and, moreover, as components of membranes, capsules, and flagella, these surface antigens may affect the capacity of the bacteria to invade and maintain populations in hosts. In contrast, the enzymes assayed are primarily intracellular components for which minor VOL. 49, 1985 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from (2, 15, 17, 20) , a modest amount of genetic variation would be expected among independent isolates of the same lineage. But when differences between isolates of the same serotype involve many genes, it seems reasonable to assume that separate lineages (clones) are included within the same serotype.
As a method for the identification of isolates of E. coli, multilocus electrophoresis has a number of advantages over serotyping. An ET can be assigned to every isolate analyzed. In comparison, a complete 0:K:H serotype could be determined for only one-third of the isolates tested in the present study, and the proportion is reported to be even less for isolates from animal sources (4). Furthermore, electrophoretic data provide estimates of the degree of genetic relatedness or distance among isolates, whereas serological data indicate only the existence of differences.
While we see these advantages as good reason for using multilocus electrophoresis in epidemiological and systematic studies of E. coli and other bacteria (18, 32 
